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A STUDY OF VISUAL INTERCEPTION ATTACKS ON
A NONMANEUVERING AJRPLANE TARGET

By Donald C. Cheatham, Charles W. Mathews,
and John A. Harper

SUMMARY

A study and evalustion of interception attacks made by an experienced
pilot flying a Grummsn FOF-3 alrplane on a nonmaneuverling target have been
made. The interception runs were made under visual conditions at subsonic
speeds aend at an altitude of 30,000 feet. The attacks were of the lead-
pursuit type and the interceptor pilot utilized a computing type of gun-
sight. The method used provides a good means of studylng interceptor
control charascteristics and thelr relationship to tactical situstions.

The general control procedure employed by the Iinterceptor pilot
during the runs has been determined as a sequence of five control phases.
These phases were: (1) positioning of interceptor, (2) initial turn into
target, (3) transition into lead-pursuit tracking, (%) lead-pursult
tracking, and (5) breaksway. This sequence of maneuvers is apparently
a logicael one that could be adapted to efficient automatic interceptor
control by a system capsble of programing maneuvers.

Several other factors which may be Important In automatic control
of sn interceptor were in evidence during the tests. In cases vhere
lead-pursuit navigatlon is desired, it may be necessary to incorporate
in the autopilot tie-in & means for enticipating the turning rate (bank
angle) required for smooth transition into tracking. Avoidance of buffet
regions is important to the success of interception runs. This avoidance
of buffeting is more than a problem of limiting the acceleration in that
the control system should be designed so as to 1limit the type of attacks
to those for which contimious tracking is possible without the necessity
for undesirsbly high normal sccelerations. Another point which may have
eautomatic-control lmplications is that the interceptor pilot in the
tracking phase of the runs generally used cocordinated maneuvers and
limited sideslip to low values. Many of the foregoing limitations could
be avoided in cases where lead-collision navigation 1s possible. This
type of attack is feasible only with armament which can be fired in
salvo.
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A tactical evaluation aof the inﬁéﬁcép%ion runs has Indicated that
the starting position of the attack part of the run is a very Important
factor in determining the effectiveness of an attack. The simplest type
of interceptor attack appeared to be that initieted from an overtaking
encounter in which the flight paths of the two alrplanes were parallel
but laterally separated. Successful attacks were made from frontal and
perpendicular encounters but only on runs in which the starting position
was sufficiently separated from the target's flight path to allow the
interceptor pilot toc complete his sequence of maneuvers without needing
to exceed the turning and rolling limitations of the interceptor.

The perpendicular encounters were in general the most demanding with
regard to control rates, rates of roll, rates of change of interceptor
line of sight to the target, and speed losses. In general, the maximum
aileron control rates occurred in the initial turn phase of the attack,
the maximumm elevator control rates occurred in the transition into the
tracking phase, and the maximum rudder control rates occurred in the
tracking phase.

Tracking-error characteristics are discussed and values of computed
standard deviation of tracking error are presented for various combina-~
tions of atmospheric turbulence and interceptor maneuvering accelerstion.
These standard deviations indicate a magnitude of the yaw and pitch com-
ponents of about 2 mils in smooth air and slight acceleration. Either
moderate turbulence or moderate maneuvering normal acceleration increased
the standard-deviation velues by a factor of gbout 3, and maneuvering
normal accelerstions near the maximum attainable inereased them by a
factor of 4.

INTRODUCTION

The development of techniques for all-weather raedar-guided bombing
together with tremendously effective bombs has made aspparent the need for
a commensurate defense. One form of defense is the aircraft interceptor,
and much research is being directed toward the development of such &
weapon. In order to be effective, the interceptor must be capaeble of
all-~weather operation, of intercepting an ailrcraft target in s minimm
of time, and of efficient use of alrborne ordnance with high kill proba-
bility. For such highly demanding performance specifications, it appears
desirable to make the controlling element in the Interceptor completely
automatiec.

Apparatus necessary for accomplishing automatically controlled
interception is being developed, and the point has been reached where
it 1s necessary to know what characteristics should be incorportated to
provide successful operatlon. One approach to the problem of obtaining
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this information is based@ upon the belief that a study and evaluatlon of
interception runs made by experienced pilots under visual conditions at
subsonic speeds may provide a basis for determination of the charsascter-
istics of efficient interception contrel. Although the controlling
operations of s human pllot executing an interception run under visual
Plight conditions ere not wholly comparsble to an suntomatically controlled
interception, it is believed that the characteristics that make one system
efficient may have similarity with those that make the other system effi-
clent. For this reason, it was declded to conduct interception runs in
which a series of relative orientations of an interceptor and a target
airplane would be covered. The interceptor was provided with suitable
instrumentation so that the controlling operations used could be studied,
and ground radar was also provided to track the two airplanes so that

the effect of the tactical situation could be assessed.

Since the data obtailned in these tests were considered to be of
value in thelr basic form, the presentation is in the form of time his-
tories of the instrument recordings in the interceptor airplane together
with time-correlated plots of the ground paths of the two alrplanes.

APPARATUS

Interceptor alrplane.- The alrplane used as the interceptor during
the flight test program wes a Grummen FJF-3, Bureau No. 122560, a Navy
Jet fighter. A description of the airplane together with performance
charts is presented in reference 1. PFigure 1 shows a side-view photo-
graph of the airplane. This airplane was equipped with a Mark 6 Mod O
fire control system, but was otherwlse void of the normal ordnance.

This control system uses an MK 8 gyroscopically controlled lead-computing
gunsight for lead-pursuit attacks. A lead-pursuilt attack is an attack
in which the interceptor flles & path relative to the target such that

a projectile fired at any polint along that path will collide with the
target. It should be noted that the ranging element of the fire control
system was Inoperative during the flight tests and the range was set at
a constant value of 1,000 feet. This resulted in the sights computing
less than the reguired lead angle at ranges grester than 1,000 feet, and
more than the required lead angle at ranges less than 1,000 feet. How-
ever, this condition dild not affect the present study since the possible
discrepancies in computed lead angle would have a negliglible effect upon
the procedures used by the interceptor pllot or the paths flown by the
interceptor.

Standard NACA recording instruments were installed in the F9F-3 to
record the followling quantities: control-surface positions, control
forces, linear accelerations along the three body axes, alrspeed, pressure
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altitude, angle of attack of fuselage reference line, and angle of side- .
slip. A timing circuit common to all instruments provided lnstrument
correlation. Most of the instrument instellation is shown in figure 2.
Figure 3 ghows the nose boom installstion whilch provided measurement of
angle of gldeslip and angle of attack, in sddition to housing an airspeed
head. A stendard 16-millimeter gun camers was installed in the right wing
position and was operated with the trigger provided on the control stick.
A frame counter trace was avallable on one of the recording instruments

to provide a time correlation between instrument records and gun-camers
records. In addition, a 16-millimeter Fairchild CG-4 type gunsight

camera wes installed over the sight head to photograph the gunsight

imsge and a reflected Image of the target alrplane and thus provide a
means of snalyzing tracking-<error date. The CG-4 gunsight camera was
operated by the game swWwitch as the recording instruments and hence oper-
ated all the time that the recording instruments operated. It was possl-
ble to correlate this camera record with the instrument records by equally
spacing the 1ndividual film frames over the length of the records taken.

Target sirplasne.- The alrplane used as the target during the flight
program was a North American F-51D, an Alr Force fighter. No special
instrumentation was employed in the F-51D.

Radar tracking equipment.- A modified SCR 584 radar tracking unit
guided by an M-2 optical tracking system wes used to record the ground
paths of the two alrcraft and to provide informatlon on the wind conddi-
tions at the opereting altitude by tracking the ascent of a free balloon. -
This equipment could plot the position of only one aircrafi at a time,

80 a procedure was used in which the radar tracked the target airplane
before and after the attack phase of the interception run and tracked
the Interceptor during that phase. This procedure required an inter-
polation of the target airplene poeition during the attack phase of the
run, but this interpolation was feasible since 1n these tests the target
flew straight-line courses at constent airspeed. Provislons were made
t0 obtain a time synchronization between the rader data and the instru-
ment recordings in the FOF-3.

TEST CORDITIONS

Operational.- It has been assumed for the present tests that an
interception is basically a two-part affair. Part I is that required to
get the interceptor to the locatlion of the target at a glven initial
orlentation and hesding and 1s normally sccomplished by ground control.
Part II is that part of the interception run covered by the interceptor's
attack upon the target. In the present £flight program, part I of the
interception run was preasrranged by having the two alrplanes depart from -
specifled geographlc points at a coordinated time and or such headings

GRS :
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as were necessary to effect an interceptlion in the general vicinity of
the radar tracking installation. Part IT of the interception run began
et the discretion of the interceptor pilot any time after he sighted the
target aircraft. This part covered the remainder of the interception run.

Three basic classes of interception runs were made. These are dis-
tinguished by the relative headings of the two airplanes at the time the
target airplene was sighted by the interceptor pillot. The three classes
are: (1) overtaking encounter, in which the Interceptor is overtaking
the target on a parallel course; (2) perpendicular encounter, in which
the flight paths of the two airplanes are initially at sbout a right
angle; and (3) frontal encounter, in which the flight paths are parallel
but in opposite directions.

Interceptlon runs were made on four flights in which instrument
records together with radsr tracking information were obtained. All
runs were conducted at about 30,000 feet pressure altitude with only
minor sltitude differences between airplanes. The target alirplane pilot
was instructed to maintain a constant speed and heading throughout the
interception run. The Interceptor airplane was asslgned various geo-
graphic starting points (depending upon the class of run to be made),
an approximate course for interception of the target, and & speed corre-
sponding to a Mach number of 0.75. The interceptor pllot was instructed
to begin lead-pursult types of attacks at hils discretion after sighting
the target. It was requested that the target tracking be pursued to
minimm safe ranges and to avoid use of the airplane's alrspeed brakes
in order ‘o keep the number of varisbles to a minimm.

Atmospheric.- Flights were conducted only on days having essentlally
cloud-free skies and excellent visibility. This was necessary since both
alrplanes were to be optlically tracked at considerable ranges. The only
gtmospheric varisbles between flights that were consldered of significance
were the wind conditions prevailing at operating altitudes and the turbu-
lence. No measurement was made of the alr turbulence except that of a
qualitative nature by the pilots. A brief summary of atmospheric condi-
tions 1s presented in tgble I.

PRESENTATION OF DATA

For the data analysis a composite time history of the following
quantities was made: (1) airspeed, (2) pressure altitude, (3) Mach number,
(4) three components of linear acceleration, (5) control-surface posi-
tion, (6) rolling velocity, (7) yawing velocity, (8) pitching velocity,

(9) angle of sideslip, (10) angle of attack of fuselage reference line,
and (11) pllot tracking error (where records were available). Except
for quantities (1), (2), (3), and (11), these variations represent tracings
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of the film recordings of the interceptor's instruments. Items (l),
(2), and (3) represent data reduced from the instrument recordings, and
item (11) represents date analyzed from the CG-4 gunsight camera.

The tracking-error varistion, item (11), consists of the piltch and
yaw components of tracking error in mils. To determine the instantaneous
values of this quantity, the CG-4 gunsight caemera film was projected,
frame by frame, oun a set of Carteslan coordinates such that one coordinate
was parallel wlth the span axis of the attacking alrcraft snd the origin
was coincident with the pipper of the gunsight imege. By measuring the
coordinates of the essumed alming point on the target alrcraft with a
scale callbrated in mils for the distance of projection used, the two
components of trecking error were determined. These time histories are
presented as the (a) parts of figures 4 to 28 grouped according to the
classifications discussed in the section entitled "Test Conditioms,”
that is, overteking, perpendicular, or frontal encounters. As an addi-
tional indication of the time interval during which the interceptor pilot
was tracking the target, the period of operation of the wing gun camera
is noted on the time histories ss "wing gun camera on." The pilot was
instructed to use the gun camera only when tracking. .

In order to glve a more complete plcture of the inmterception runm,
all the time-history figures Iinclude time-correlated ground-path plots
of the two alrplanes during the interception run. It should be noted
that the position of the interceptor corresponds to the tip of the
arrows, and the portion of the run in which the Ilnterceptor is tracking
is denoted by the scolid triengles.

A sumary of figures 4 to 28 is presented in table II. It should
be noted that only the tracking-error time history 1s presented in fig-
ures 16 and 17 due to difficulties in reproducing records of the other
gquantities.

As further presentatlion of each of the interception runs presented
in the time-history figures, the ground-path plots have been analyzed to
obtaln relative position plots of the two airplanes with their headings
corrected for wind conditions. These plots are presented as the (b) and
(c) parts of figures 4 to 28. Part (b) of each figure shows the variation,
coordinated with time, of the position of the Iinterceptor airplane rela-
tive to the X- and Y-axes of the target sirplesne. The purpose of these
plots 18 twofold: (1) to show the f£light path relative to the target
aircraft which an interceptor flies during typical attacks, and (2) to
provide, for the benefit of orgamizations Interested in bomber-defending
fire-control systems, a means of determining what range and angular
velocity inputs can be expected in e bomber's fire control system for
the conditions of the present tests. Part (c) of each figure is a
reverse plot showing the position of the target ailrplane relative to
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the interceptor. The purpose of these plots 1s to present the run as
seen by the interceptor pilot. Such a plot indicates the variation of
the angle between the interceptor's line of sight to the target and the
interceptor's flight path. The plots also glve an indication of the
times during the run that the interceptor was tracking the target. The
airplane, considered to be at the origin in each case, 18 heeding in

the positive X-direction. Corrections in headings due to sideslip angle,
bank angle, and angle of attack have not been included.

CHARACTERISTICS OF INTERCEPTION RUNS

Overtaking encounters.- The overtaking encounters, presented in fig-
ures 4 to 8, are characterized by the interceptor flying on a course in
the same direction and about parallel to that of the target airplane until
the range closed to 3,000 or 4,000 yards. The interceptor then turned
into the target and as the target came onto the sighting line of the
interceptor the turn was reversed 1n order to permilt tracking. It is of
importance to note that for this type of run the Interceptor pilot had
the target airplane in sight for a conslderable time before initiating
the attack and chose the time to attack such that a different starting
point with respect to relative orientation and/br range to target was
obtained for each interception run.

Frontal encounter.- The frontal encounters, presented in figures 9
to 17, were characterlzed by the interceptor and the target approaching
each other on spproximately opposite courses and the interceptor either
attempting a direct head-on attack or an attack in which the interceptor
turned more or less 180° onto the tail region of the target airplane. In
either case the interceptor pilot felt the necessity of a quick decision
as to the type of attack to be carried out and initiated his attack
immediately after sighting the target.

Perpendicular encounters.- The perpendicular encounters, presented
in figures 18 to 28, were characterized by the interceptor approaching
the projected flight path of the target at about a right angle ard as
the target passed in front of the Interceptor a turn was made to track
the target. In some cases it was necessary for the interceptor to
maneuver slightly at the inltiation of the attack to make sure the target
would pass in front of the interceptor. There were also some cases (see
figs. 26, 27, and 28) in which the interceptor passed in front of the
target and then performed a repositioning maneuver that in effect led
to another encounter.
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RESULTS AND DISCUSSION -

Interceptor Control Characteristics

General control procedures.- The Interceptor runs conducted during
the test program showed similsrity in the general control procedure
employed by the interceptor pllot, although the procedure was at times
modifled by circumstances peculiar to individusl runs. The entire pro-
cedure starting from the position at which the interceptor pilot initi-
ates the attack consists of five phases, more or less: (1) positioning
of interceptor for attack; (2) initial turn into the target; (3) transi-
tion into lead-pursult tracking; (4) lead-pursult tracking of target;
and (5) breakswey. The purpose of each step used will be discussed in
more detail in the following sections which are devoted to a description
of the control procedure used in each category of run, with the interesting
features and deviations from general procedure for the lndividusl runs
included.

Overtaking encounter.- The essentlal features of the overtaking
encounters are shown in figures 4 and 5. The purpose of the initial
turn phase 1s to cause the target to traverse a path passing in front
of the interceptor and to rapidly reduce the angle between the inter-
ceptor pilot's line of sight to the target and the interceptor pilot's
tracking line. However, this turn is stopped short of reducing this
angle to zero in anticipation of the requirement that the alrplane must -
be banked in the opposite direction to that existing during the initial
turn in order to develop the turnling rate necessary to track the target.

The interceptor pllot determines the position at which to begin the roll-
out by Judgment and experience so that time is afforded to perform thils
rolling maneuver, or so that the range at which the target will pass in
front of the interceptor 1s consistent with the range at which he desires
to initiate tracking of the target. It was the interceptor pilot's
oplnion that during this rolling maneuver the normal accelergtion 1s

not necesgsarily coordinated with the bank angle, but the pillot often
rolls the sirplane to the approximate gttitude necessary to generate

the required turning rate while msintaining a normel acceleration of
roughly 1 g. As the tracking error angle approaches zero, a smooth
merger of the line of sight and the tracking line is accomplished by

the interceptor pllot's pulling normal acceleration to match the turning
velocity of the Iinterceptor with that required for tracking. This char-~
acteristic of the human pllot of anticipating the bank angle necessary

to generate the required turning rate msy merit consideration in choosing
inputs to be tied into the autopilot of an sutomastic interceptor in that
similer anticipatory characteristics may be needed.

In figures 4 and 5 both runs were initiated from a position behind =
the target's beam that allowed the interceptor pilot ample time to perform
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each phase of the control procedure. It is of interest to note that
wing-gun camera reccrds from the run shown in figure 4 indicated that the
interceptor was banked sbout 35° to the left at the start of tracking,
Indicating the anticipation used by the pilot. In both runs the angle
of sideslip wes controlled within falrly narrow limits by the use of

the rudder. The only notable difference between these two runs is that
tracking was started at considerably longer range in the run shown in
figure k4.

Figure 6 presents the time history of a run which was initiated from
a position slightly shead of the target's beam. Apparently there was
insufficient lateral displacement of the flight paths for a successful
run desplte the efforts of the interceptor pllot to expedite his control
procedures. In an effort to permit tracking, at normal firing ranges,
the interceptor pilot continued the initial turn until the tracking line
closely approached the line of sight to the target. This resulted in a
rapid rate of closure of the angle between these two lines and the pilot
attempted to perform the transition into the tracking phase by a fast
reversal of the direction of turn. However, the range had closed so
that the turning wveloclty required to track the target was greater than
the interceptor could generate without entering the buffet reglon (a rate
corresponding to 3g normal acceleration at the altitude of the tests).
A possibility for meking this run successful would have been for the
interceptor pllot to meke the initial turn even tighter than was used.
The dlscreet employment of airspeed brakes during the initial turn phase
of the attack might alsc have been helpful.

The runs shown in figures T and 8 are similar to those shown in
figures 4 and 5 except for minor differences in starting positionm.

Frontal encounters.- As previously mentioned for the case of frootal
encounters, the interceptor pilot at the instant of first sighting the
target chose either to mzke a direct head-on attack or a 180° turn into
a tail chase. If the cholce was a direct head-on attack, the first pro-
cedure of the interceptor pllot is tc maneuver so as to line up the
flight path of the interceptor with that of the target. If this posi-
tioning phase is successful, it places the interceptor in a position tao
begin tracking the target.

Figure 9 shows a typlcal frontal encounter in which the interceptor
pilot attempted to make a head-on attack. TIn observing the ground-path
plot in figure 9, it must be remembered that thie plot shows the resultant
flight path of the two airplanes over the ground. Because of the wind
direction and velocity, the actual headings of the two airplanes are
ebout T° off theilr ground paths Into the wind. TFor a better indication
of thelr relative headings and paths through the alr mass, reference
should be made to figure 9(b). At the initial long range (about
10,000 yards) the interceptor pilot obviously had trouble judging the
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path of the target because his first maneuver was to turn to the right -
toward the target, although such a maneuver would not help in alining

the flight paths (see fig. 9(b}). The interceptor pilot quickly realized

his mistake, s0 a turn was then made back to the left to get more closely “
alined. However, the time to complete this turn was limited by the high

closing speeds, and as a result the pliot was unable to line up the

interceptor on the target's path. In an effort to accomplish some

tracking, the interceptor pilot turned into the target and attempted a
transition into tracking st about 20 seconds. The interceptor was unsble

to generate the required turning velocity and conseguently the interceptor

pllot could only rake the tracking line through the target as he pulled

the Iinterceptor into the buffet region. Perhaps a more successful run

might have been accomplished if the pilot had made the transition into
lead~pursuit tracking immediately on sighting the target. This procedure

was not Iinvestlgated, however.

Flgure 10 shows a head-on attack from a frontal encounter in which
the Interceptor pllot 4id a creditable Job of alining the flight path
of the interceptor with that of the target. However, the two airplanes
had closed to what the i1nterceptor pllot consldered minimum range before
the tracking line could be brought to bear on the target, and a breakaway
was executed without tracking the target.

These two head-on attacks show typical exsmples of the difficulties
that confront an interceptor pillot attempting head-on attacks. Such
attacks would be mobre feasible for a rocket-bearing interceptor flyling -
lead~collislon courses.

The second possible cholce of a 180° turn onto the tail region of
the target allows a more stralghtforward use of the general control pro-
cedure. In such attacks there is normally little time to adjJust the
position of the interceptor except by delaying the initial turn. The
interceptor pllot apparently could Judge quite adequately the positicn
at which to initiate this turn. The initial turn wes varied, as was
dictated by the range and lateral displacement at the point of first
visual contact, so as to sccomplish a smooth entry into a curve of
pursuit. The latter portion of the initisl turn mey be modified to
serve the purpose of controlling the range at which the transition into
tracking is Initisted.

Figures 11, 12, 13, and 14 present well-executed sttacks from frontal
encounters in which sufficlent lateral displacement existed for the type
of attack consisting of a 180° turn onto the target tail region. The
only noteble difference in the four encounters was the lateral displace-
ment st the initistion of the sttack with the encounter shown in fig-
ure 11 beilng at the greatest displacement and that shown in figure 1k
being at the least displacement. -
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It is of interest to note that two methods of accomplishing the
transition into the tracking phase were employed by the interceptor
prilot on this type of attack. On the runs where large latersl displace-
ment of the initial flight paths of the two airplanes existed, he usually
continued the initial turn until the interceptor tracking line was ahead
of the target. The rate of turn was then reduced tc allow the line of
sight to approach the tracking line for the transition into tracking.
Such a procedure may be used where 1t 1s desired to close rapidly to
shorter ranges before tracking 1s begun. In addition, the transition
into tracking for the cases where the tracking line is ahead of the
target appears to be more easlly accomplished by the plilot. Where the
lateral displacement of the flight paths wes not large the interceptor
pilot ususlly accomplished the transition into the tracking phase by
pulling the tracking line up to the line of sight.

Figure 15 presents an encounter Iln which Insufficient lateral dis-
placement existed to execute & successful attack. At the start of the
run, the interceptor pilot apparently tried to improve his position by
a turn toc the right to open the lateral range. However, there was
insufficient time for this turn to develop before the irnterceptor pilot
had to reverse the direction of bank angle and attempt to turn onto the
target; the attempt was unsuccessful.

Perpendicular encounters.- The control procedure involved in an
attack from a perpendicular encounter differed from the others previously
described principally in the positioning and initial turn phases. As
the interceptor approached the flight path of the target and initiated
an attack there were three courses of actlon that the interceptor pilot
was likely to take: (1) 1f the initial orientation appeared satisfactory
he merely walted until the target approached the tracking line and turned
as required for the transition intoc tracking; or (2) if the initial ori-
entation did not appear to allow the target to pass in front of the inter-
ceptor at an acceptable range a turn was made toward the target that
ellowed an earlier transition into the tracking phase; or (3) if the
initial orientatlon was unfavorable for a perpendicular atitack a maneuver
was performed to place the Interceptor into position for another encounter.
The choice of the course of action by the interceptor pllct was dependent
upon the range at which the target was first sighted as well as the rels-
tive time the two airplanes would cross the intersection of their pro-
Jected f£light pathe 1f the interceptor 4id not maneuver. The range at
vhich the target was first sighted affected the cholce of the course of
action in that if the 1nitisl range was great enough the interceptor
pllot could adjust the relative time that the two alrplanes would cross
the intersection of theilr projected flight paths 1f the interceptor did
not meneuver.

An example of a simple turn into tracking from a perpendicular
encounter is shown in figure 18. However, in this case the pilot had

GO,
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little choice as to the course of action due to a late sighting of the
terget. The transition into the tracking phase was effected st too great
& deflection angle at close range and was unsuccessful beceuse the turaning-
veloclity regqulrements for tracking were too great. As a result, the inter-
ceptor overshot the target flight path and the pilot was unable to track
until a taill-chese position was reached.

Examples of perpendicular encounters from which an initial turn
toward the target was taken are shown in figures 19, 20, 21, 22, 23, 24,
and 25. The Initlal turn toward the target 1s somewhat similar to thsat
used in an overtaking encounter when the gtarting positlion 1s ahead of
the target's beam but tramsition into the tracking phase 18 more sbrupt
and more difficult to accomplish than for the overtaking encounters
starting behind the beam position. In the majority of these cases the
interceptor pilot's tracking wes interrupted because in an sttempt to con-
tinue tracking the pillot pulled the interceptor up into a stalled condi-
tion where severe buffeting existed and where further normal acceleration
could not be developed. In thils situstion the required turning velocity
for tracking became greater than that which could be genersted by the
interceptor. Reference to figure 19 shows the interruption of tracking
as the normal acceleration reached a maximm value and then a contimua-
tion of tracking when the Interceptor reached a tall~chase position and
the required turning velocities for tracking were again low. The run
presented in figure 21 could probably have been better handled by maneu-
vering for a reencounter. The run presgented in figure 22 was executed
without an interruption of tracking, although it wes necessary that the
interceptor be held at such high normel acceleration that buffeting was
present during the tracking.

Figures 26, 27, and 28 present rums in which the interceptor was
early at the Iintersection and the pilot chose to continue his course
until a repositioning turn would put the linterceptor 1nto position to
reencounter the target. It 18 of interest to note that in the run shown
in figure 26, the interceptor pilot did not sight the target airplane
after the repositioning turn.

Tracking Characteristics

The tracking-error variation shown in the time histories was analyzed
to determine the standard deviatlons of the tracking-error components.
The interval during the run over which these stendard deviations were
computed was chosen to exclude the transition into the tracking phase
and any breskawsy from tracking, whether intentional or 1nsdvertent.
These standard deviations and time intervals are presented in table III.

Tracking-error magnitude.- Since the target did not perform any
significant maneuvers, the megnitude of the tracking-error variation




NACA RM L53EO1 ] 13

would appear to be primarily dependent upon five factors: (1) pilot
learning cycle, (2) atmospheric turbulence, (3) maneuvering normal accel-
eration of the interceptor, (4) dynamic characteristics of the inter-
ceptor, and (5) dynamic charascteristics of the gunsight. The last two
factors were not studled except by noting that the lateral oscillations
of the interceptor were poorly damped and that from an observation of
the CG-I4 gunsight camera records and the wing gun camera records the
sight had e definite smoothing effect upon the apparent movement of the
gunsight image with respect to the target.

The effect of pllot learning cycle on the tracking-error magnitude
was believed to be negligible in the test flights because the interceptor
pllot was experienced in making lead-pursult tracking runs.

The tracking-error magnitude attributaeble to the factors of atmos-
pheric turbulence and interceptor meneuvering normal acceleration was
not assessed because these factors were not varied independently. How-
ever, by grouping the runs, or parts of the runs, according to the degree
of turbulence or magnitude of acceleration, a quslitative anslysis is
posslible. The average standard deviation of tracking error in mils of
these groups is es follows:

No turbulence Slight Moderate

turbulence turbulence
Normal acceleration,

g units Yaw, |Pitch, |Yaw, | Pitch,| Yaw, | Pitch,
mils | mils |{mils| mils | mils | mils
0 to 1&- 2.1 1.8 3.8 1.8 6.5 3.2
1% to 2 6.5 | 5.8 | 6.7 | 5.8
2 to 2.3 9.8 | 4.9 | 7.1 | 4.5
2% + 9.9 7.8

These average standard deviations of tracking error should be viewed
with some cautlon slince the data available were not extensive and the
groupings were of necesslty somewhat arbitrary. Also other factors
(such as range and rate of change of acceleration) which may have an
apprecisble effect upon tracking error were varied during the runs
enalyzed. The indicatlions are, however, that turbulence 1s & primary
cause of tracking error only when the normal acceleration is low and,
for the test airplane, affects the yawing component mmch more than the
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pitching component. Also there was a roughly linear increase in tracking
error with increasing normal acceleration. Qualitatively, it appears

that moderate turbulence or moderste normsl acceleration (l%g to Eg)

increased the magnitude of tracking-error components from thaet in smooth
alr by a factor of sbout %, snd that moderate turbulence cormbined with

high acceleration (over EEg) increased the tracking-error components by a

factor of about k.

Frequency content of tracking errors.- In a study of tracking
errors the frequency content of these errors Is of value in pointing
out the source of these errors. Therefore, the frequency content of
some of the tracking-error variations shown in figures 4 to 28 were
determined through use of & harmonic analyzer of the Dent-Draper Model,
Rolling Sphere Type (ref. 2)}. A typical result is presented in figure 29
which presents an analysis of the part of the tracking-error varistion
in figure 22 between 17.5 and 31.5 seconds. The general result cbtained
from all of the analyzed varistions 1s that high harmonic content exlsted
at two distinct ranges of frequency, one of which 1s about the frequency
of the interceptor latersl oscillation. The lateral oscillation apperently
affects both the yaw and pitch components of the tracking error due to
the cross-coupling that is present in the motions of the alrplane due
primarily to gyroscopic effects of the engine. During portions of the
runs where low velues of normal acceleration were recorded the effect of
the lateral oscillstion was much grester on the yaw component than on
the pitch component; however, whenever moderate normel accelerations
were recorded the pltch component was alsc strongly affected. The other
frequency 1s of a lower order and varies somewhat for different rums,
being on the average about 1/8 cycle per second. In addition to these
two frequencies, = third frequency is present in the pltch component of
the tracking error when the airplane is experiencing heavy buffeting,

and is sbout l% cycles per second.

Tracking control procedures.- One of the principal objectives of
the present study was to determine the control procedures used by the
pllot in his attempt to keep the tracking error to a minimm. Only two
runs (presented in figs. 4 and 5) were made in which conditions were
such as to permlt a rough anslysis of this fsctor. In both these fig-
ures the tracking-error variation shows sppreciable magnitude, and 1t
is possible to plck out the control response to thls variation since
the control requirements from other sources is thought to be negligible.
As may be seen in these figures, the alleron and rudder controls are
applied in a logical direction to reduce the azimuth component of the
error and, since the sideslip angle remains at a low value, the indi-
cation 1s that the controls were applied in a coordinated manner. Because

SR
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of the small amount of data, no attempt has been made to analyze such
factors as the phase angle and amplitude relationship between the con-
trol movements and the tracking error.

The data obtalned from the present tests indicate that the control
procedures used by the interceptor pilot during the tracking phase of
his attack will be & difficult factor to detect because of the inherent
complexities involved when tracking on a lead-pursult type of attack.
There sre three primary sources of the tracking error which stimlstes
the Interceptor pillot to manipulate hils controls during an attack:

(1) the general control of the attack requires continuous control manipu-
lestion since a lead-pursuit attack usually calls for a continuous change
of normal acceleration which would be coupled with trim or speed changes;
(2) the tracking errors that arise require corrective control applica-
tions; and (3) extraneous disturbance such as rough-air gusts require
corrective contrcl applications. These three factors are closely inter-
related so that the control manipulatlon in response to one source of
error tends to mask those required by the other sources.

Effect of Interceptor Turning Capabilities

As was evidenced in several of the runs discussed in the section
"Interceptor Controcl Characteristics,” there is a region relastive to a
target airplane wlthin which an Interceptor airplane would be unsble to
generate the turning veloclty required to track the target. Reference %
presents equatlions from which the boundary of this regilon can be calcu-
lated. The range of this boundary relative to the target is shown to
be a function of (1) target speed, (2) attacking airplane speed, (3) pro-
Jectile speed, (4) maximum attainable normal acceleration of the attacking
airplane, and (5) attacking angle relative to the target. The complete
equation includes terms that are a result of the varimtion of the lead
sngle with the attacking angle. In the present test conditlions the con-
trivution of the lead-angle terms is small and for practical purposes
may be neglected. The resulting boundary on elther side of the target
1s described by a circle.

Under the conditions of the present flight tests the interceptor
began buffeting at about 3.0g and acceleration peaks were recorded as
high as 3.9g¢. An inspection of runs such as shown in figure 22 indi-
cated that the maximum average normal acceleration utilized by the inter-
ceptor was about 3.kg. Using this value of normsl acceleration in the
formila from reference 3 gives a circular region relative to the target
airplane having a diameter of 1400 yards.

These circles which represent the Invulnersble attack region are
plotted on the (b) parts of figures 4 to 28. A close examination will
show that these circles are substantisted in every figure since at no
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time is the interceptor tracking when it is in the calculated invulner-
gble region relative to the target. On several runs there 1s close agree-
ment between the time at which tracking of the target was Interrupted

(as shown in the (a) parts of figs. 19, 23, and 24) and the time at which
the interceptor entered the invulnersble sttack region (as shown in the
(b) parts of figs. 19, 2%, and 24).

Data Significant to Design of Interceptor Control Systems

The time historles of the interceptlon runs include several factors
that are of possible significance to designers of Iinterceptor control
systems. In order to tabulate the data pertinent to these factors, the
interception runs were divided into the variocus phases of attack, as
previously discussed. For the most part a logical division of these
attack phases was apparent although some overlapplng was often present.
No attempt was made to discriminate between positioning and initial turn
phases, and date falling within these phases were credlited to the Initial
turn phase. For interceptlon runs such as the perpendicular runs pre-
sented in figures 19, 23, and 24, the portion of the attack irmediately
following the initial Iinterruption of tracking was arbitrarily classified
as belng pert of the transition into tracking phase. The factors analyzed
include the followlng:

Control rates: Tgble IV presents a summary of the maximum control
rates analyzed for the left alleron, rudder, and elevator of the inter-
ceptor airplene for each c¢lass of attack.

Control deflectlons: Table V presents a summary of the maximm
control-surface deflections for the allerons, rudder, and elevator of
the interceptor airplane from the level-flight trim position that existed
at the start of the runs. These trim posltlons were about the same for
all runs and were: totel aileron deflection equals 0.0°, rudder deflec-
tion equals 0.9° left, and elevator deflection equals 0.6° down.

Control forces: Table VI presents a summary of the maximum control-
stick and rudder-pedsl forces aralyzed for each attack phase.

Rate of roll: Table VII presents & summary of the maximm rolling
angular velocities recorded for each atteck phase.

Rate of change of interceptor line of sight: Table VIII presents
a summary of the maximum rates of change of the interceptor's line of
sight during successful interception runs. The table excludes those
frontal encounters which resulted in head-on attacks (figs. 9 and 10)
and other encounters 1in which the interceptor passed the target at close
range wlthout effecting any steady tracking (figs. 6 and 21).

Pr-
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Interceptor speed losses: Table IX presente & summary of the maximum
speed losses occcurring during each of the interception runs. These data
epply to the over-all run rather than to a particular phase.

The data presented in tables IV to IX indicate seversl character-
istics of the interceptor pilot's control operation and the resulting
interception runs that are worthy of note.

General.- From practically all aspects, the perpendicular type of
encounter was the most demanding with the exceptlon of the frontal
encounters resulting in head-on attacks. Higher control rates, deflec-
tions, and forces were applied and higher rolling rates were used for
the perpendicular encounter; in additlon, the rate of change of the
interceptor line of sight to the target and airspeed losses were greater.
These observations apply perticularly during the phases before actusl
tracking of the target was establlished. The overtaking class of encounter
was by far the least demanding from the standpolnt of most of the char-
acteristics tabulated.

Aileron control.- During all classes of encounters the interceptor
pllot moved the ailerons at appreclably higher rates in the initisl turn
phase than in the other attack phases (see table IV). The highest maximum
rates in the initisl turn and transition into tracking phase occurred
during perpendicular encounters; the maximum rates during overtaking
encounters were relatively much lower in these phases. The maximm
aileron deflections and rates of roll were only moderate compared to the
capabilities of the alrplane. These rates were only about half of the
values available (see tables V and VII). Since the FGF-3 airplane has
alleron boost, the control forces were very light (teble VI) and were
not the limiting factor on rolling performence. Evidently, the maximum
roll rate of somewhat over 1 radian per second was considered by the
pilot to be the highest which afforded precise control of roll attitude
since in several instances higher rates would have been advantageous in
performing transition into tracking.

Rudder control.- The maximm rudder deflections were always small
and varied only slightly between the different attack phases and classes
of encounters (tsble V). The pedal forces were quite heavy and there-
fore may have been a limiting factor in the use of the rudder. It is
significant that the rate of rudder deflection was generally higher in
the tracking phase indicating that the pilot was atiempting to make more
precise use of this control in that phase.

Elevaetor control.- As with the other controls the elevator control
effectiveness was more than adequate. The elevator control forces were
moderately heavy. The highest elevator rates and deflectlions occurred
in the transition into tracking phase slthough relatively high rates
also occurred 1n the initlal turn phase of perpendiculsr encounters and
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relatively high deflections occurred in the tracking phase. Much lower
elevator rates, deflections, and forces were used in the overtaking
encounters than in the other types. The limiting factor in regard to
the magnitude of elevator deflection and force was the onset of airplane
buffeting. ' '

Evaluations Applied to Automatlc Control Appesratus

The evsluation of interception runs made for the present study indi-
cates some characteristics that would be desirable to incorporate in the
control apparatus of an sutomatic interceptor designed for lead-pursuit
attacks. A f£flight limitation that should be taken into account 1s the
roll rate and roll acceleratlion capabilities of the interceptor. This
factor is of ilmportance because 1t determines the time required to adjust
the turning velocity with a resultant effect upon the flight distance
covered during certaln phases of the general control procedure and in
particular the ability to perform a transitior into the tracking phase.
Probably the most slgnificant characteristlc cobserved in the controlling
operaetion of the interceptor pilot dwring the £flight tests was the antici-
patlon of roll angle reeded to generate the required turning velocity
for tracking the target airplane. This anticipation ensbled a smooth
transition into the tracking phase.

The entire sequence of control operations employed by the interceptor
pilot in the majority of interception encounters, however, 1s apperently
a logical one that might be adapted to automatic control by a system of
programed meneuvers. In order to use such a controlling procedure effi-
ciently, the automatic control apparatus would have to be capable of
discriminating between starting positions on the basis of thelr possi-
bilities for a successful attack and, if advisable, be capsble of repo-
sitioning the Iinterceptor. This operation waes adequately handled by the
interceptor pllot on runs in which the initial sighting of the target
was at long range, wlth the exception of encounters that resulted in
head-on attacks.

In order to discern correctly the type of attack needed or possi-~
bility of success of an attack origlnating from a glven starting posi-
tion, the interceptor control apparatus should be cognizant of certain
flight limitations of the interceptor. As wes noted in the present
study, the limitatlon of turning cepability is of prime ilmportance in
determining regions relative to a target airplane within which an inter-
ceptor can track the target. It is advantageous from this standpoint
to be able to utilize the maximum turning capebility of the interceptor;
however, doing thils may result in severe airplane buffeting. Since buf-
feting has been shown to result in loss of tracking accuracy as well as
undesirably large losses in alrspeed, a need is indicated for having an
automatlic system limit attacks to those which will avold such conditions.
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The present results indicate thet airspeed changes, in general, affect
the success of an Interceptor attack and therefore considerstion should
be given to the control of airspeed in an automatic system.

Another point which may have asutomatic-control implications is that
the interceptor pilot In the tracking phase of the run generslly used
coordinasted maneuvers and limlted sideslip to low values.

CONCLUDING REMARKS

This study and evaluation of human-pilot-controlled interception
runs utilizing lead-pursult navigation against s nonmaneuvering airplane
target has Indicated the following concludlng remarks:

1. The genereal control procedure employed by the interceptor pilot
during the runs has been determined as a sequence of five control phases.
These phases were: (1) positioning of interceptor, (2) initial turn into
target, (3) transition intc lead-pursuit tracking, (4) lead pursuit
tracking, and (5) breakaway. This sequence of control is a loglcal one
that might be adapted to efficlent automatic Interception contrcl by a
system capeble of programing maneuvers.

2. The results indicate several factors which may be important in
automatic control of an Interceptor where lead-pursult navigation is
desired. These factors include anticipation of the turning rate (bank
angle) required for tracking so that a smooth transition into the tracking
phase can be made, and the use of coordinated maneuvers, wherein the side-
slip angle is limited to low values.

3. A desirasble feature of automatically controlled Interceptors
flying lead-pursuit courses would be an ability to discriminste between
attack starting positions in order to limit attacks to those that will
not require the interceptor to fly at high normal accelerations. In
cases vwhere an effective attack is not feasible the control apparatus
should be capable of repositioning the interceptor.

4. The tactical effectiveness of the runs investigated may be
summarized as follows:

(a) The overtaking encounters were usually successful except for the
case where the starting posltion was forwaerd of the target's beam.

(b) Frontal encounters were unsuccessful when they developed into

a head-on attack, but were successful when sufficient separation existed
to ensble e 180° turn to be made onto the target's tall region.

<SRN
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(c) Some perpendicular encounters were successful but these encoun-
ters were quite critical as to the timing of the attack and the initial
separation between the airplanes.

5. The perpendiculer class of encounter was the most demanding from
a standpoint of control rates, rates of roll, rates of change of inter-
ceptor line of sight to the target, and speed losses.

6. The maximum aileron control rates occurred in the initial turn
attack phase; the meximum elevator control rates occurred in the transi-
tion into tracking phase; and the maximum rudder contreol rates occurred
in the tracking phase.

7. Computed standerd deviations of tracking errors, averaged to
present representative velues for various combinations of atmospherilec
turbulence and interceptor normel acceleration, indicate that in smooth
alr and slight acceleration the yaw and pltch components were about 2 mils.
Eilther moderate turbulence or moderate normel acceleratlon increased the
standard deviation values by a factor of gbout 3, and normsl accelera~
tions near the maximm attainable increased them by a factor of 4. 1In
general, the yawing component was more affected by turbulence than the
pitch component.

8. A harmonic analysis of some of the tracking-error variations
indicates that the pltch and yew components are composed of two pre-
dominant frequencies. One of these frequencies is about 1/2 cycle per
second (corresponding to the interceptor lateral oscillation frequency)
and the other is lower, averaging about 1/8 cycle per second. When
in the buffeting reglon, the pitch component also contained a frequency

around l% cycles per second.

9. Conslstent agreement exlsted between the relative positions at
which the interceptor was unable tc track the target and these positions
as predicted from the equations presented 1n Ballistlic Research Laboratory
Memorandum Report No. 462.

Langley Aeronauticael Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., May 14, 1953.
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TABLE I.- SUMMARY OF ATMOSPHERIC CONDITIONS

Flight | Visibility | Sky coverage Turbulence Wind
1 Excellent Clear Slight 22 knots/297°
2 Excellent Clear None 55 knots/253°
3 Excellent Clear Moderate 62 knots/320°
L Excellent Clear Slight 82.5 knots/262°

“~NACA
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TABLE IX.- SUMMARY OF ENCOUNTERS

CG-4 gunsight Wing-gun-camers
Flgure Flight camers records records
Overtaking encounters
4 4 Yes Yes
5 1 Yes No
6 1 Yes No
T 1 Yes No
8 4 Yes Yes
Frontal encounters
S b) Yes Yes
10 L No No
11 2 No No
12 3 Yes Yes
13 L No Yes
14 4 No Yes
15 3 Yes No
16 2 Yes Yes
17 2 Yes Yes
Perpendicular encounters
18 2 No No
16 3 Yes Yes
20 4 No No
21 3 Yes Yes
22 3 Yes Yes
23 3 Yes Yes
oL b Yes Yes
25 2 No No
26 2 No No
27 2 No No
28 3 Yes Yes
~NACA -
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TABLE III.- STANDARD DEVIATIONS OF TRACKING ERROR

Standard Standard
Time interval deviation deviation
Figure sec ’ in yaw, in pitch,
mils mils
Overtaking encounter
b 23.1 to 41.6 5.6 2.6
5 26.9 to 39.6 7.0 4.3
7 k.4 to %8.0 4.6 2.1
8 20.0 to 41.5 2.6 2.0
Frontal encounter
12 22.2 to 51.6 6.7 2.2
16 113.0 to 137.0 2.6 2.4
17 60.4 to 89.2 1.7 0.9
Perpendicular encounter
19 10.% to 17.9 10.7 9.6
19 38.2 to 47.k h.1 h.1
22 17.7 to 50.8 6.9 6.1
23 10.1 to 19.8 8.1 3.8
23 34 .6 to 45.7 6.1 2.5
24 43.3 to T70.0 L.y 3.8
TNAGA
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TABLE IV.- MAXTMUM CONTROL RATES

Maximm control rates,
deg/sec, for -

Phase Control
Overtaking | Frontal | Perpendicular
encounter | encounter encounter
Left aileron 25 45 56
Initial turn Rudder 11 8 11
Elevetor 8 6 22
Left aileron 22 15 ks
Transition Rudder 11 12 39
Elevator T 2% 32
Left aileron 18 25 17
Tracking Rudder 15 22 20
Elevator 5 8 13
Left aileron 14 15 12
Breakaway Rudder 8 8 8
Elevstor 10 14 1k
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TABLE V.- MAXTMUM CONTROIL DEFLECTIONS

NACA RM L53EO1

Maximm control deflections, deg, for -

Phase Control Overtaking | Frontal Perpendicular
encounter encounter encounter

Total aileron | 15.9 19.9 16.1
Initial turn Rudder 2.1 1.2 1.4
Elevator 2.8 7.0 3.9
Total ailleron 6.9 7.5 15.9
Pransition Rudder 2.3 3.5 4.3
Elevator 2.0 9.7 11.8
Total aileron 5.8 4.5 10.8
Tracking Rudder 1.7 3.1 2.9
Elevator 1.8 9.0 8.8
Total aileron 11.2 11.5 9.1
Breskawsy Rudder 1.0 T4 1.9
Elevator 1.2(down){ 1.6(down) 3.1

tZNgcA:7



NACA FM LS3EOL QN 27
TABLE VI.- MAXTMIM CONTROL-STICK AND RUDDER-PEDAL FORCES
Maximum control forces, 1b, for -
Fhase Control Overtaking | Frontal Perpendicular
encounter encounter encounter
Aileron 8 right 12 right 12 right
Initial turn | Rudder pedals | 47 right 63 right 47 left
Elevator 31 pull 55 pull 27 pull
Aileron T right T left 7 right
Transition | Rudder pedsls 60 right | 132 left 101 right
Elevator 24 pull k9 pull 63 pull
Alleron 4 right 9 right 8 right
Tracking Rudder pedals 53 right | 112 left 78 left
Elevator 15 push 57 pull 35 pull
Aileran 6 right 7 right 3 left
Breakawsy Rudder pedals | 54 right 63 right 65 left
Elevator 20 push 30 push 60 push
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TABLE VII.- MAXIMUM RATES OF ROLL

Maximum rates of roll, radians/sec,

for -
Phase
Overtaking Frontal Perpendicular
encounter encounter encounter
Initial turn 1.35 1.2% 1.38
Transition .65 .67 1.38
Tracking 3T 1.02 < T4
Breakaway 1.05 1.00 1.08
NAGA

TABLE VIII.- MAXIMUM RATE OF CHANGE OF INTERCEPTOR

LINE OF SIGHT TC TARGET

Maximm rate of change of interceptor
line of sight to target, deg/sec, for -

Phase
Overtaking Frontel Perpendicular
encounter encounter encounter
Initial turn 6 4 14
Transition I 6 14
Tracking 3 o 9
*:NAQA:7
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TABLE IX.- INTERCEPTOR SPEED LOSSES

Figure Meximum speed loss, mph Percent loss
Overtaking encounter
L 15 2.9
> 15 3.8
6 Lo 7.7
T 9 1.8
8 22 4.2
Frontal encounter
9 33 6.4
10 L3 8.3
11 T 1.4
i2 29 5.7
13 39 1.5
14 89 17.2
15 81 16.0
Perpendicular encounter
18 k1 7.9
19 o7 18.9
20 117 21.9
21 18 3.5
22 65 12.3%
23 143 27.3
2 109 21.5
25 22 4.8
26 123 25.1
27 66 12.8
28 T6 15.3

é
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Figure 5.- Interceptor airplane attacking target airplane from an
overtaking encounter.
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Figure 6.- Interceptor airplane attacking target airplane from an
overtaking encounter.
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(2) Time histary of various quantities perteining to the interceptor
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radar tracking.

Figure 7.- Interceptor alrplene attecking tasrget alrplene from an

overtaking encounter.
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Also the ground plot of the two alrplanes recorded by
radar tracking.

Figure 8.- Interceptor airplane attacking terget airplsne from an
overtaking encounter.
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(a) Time history of various quentities pertalning to the interceptor
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radsr tracking.

Figure 9.- Interceptor airplane attacking terget airplane from a
frontal encounter.
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Figure 10.- Interceptor airplene asttacking target alrplane from a

frontal encounter.
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(2) Time history of verious quantities pertaining to the interceptor

airplane.
radar tracking.

Also the ground plot of the two alrplanes recorded by

Figure 11.- Interceptor airplane attacking target eirplane from a

frontal encounter.
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(2) Time history of verious quantities pertaining to the interceptor
airplane. Also the ground plot of the two airplenes recorded by
rader tracking.

Figure 12.-~ Interceptor alrplane asttacking target airplane from a
frontal encounter.
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from start of run 1s indicated beslde each arrow.

Figure 12.- Continued.
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(c) Position of target relative to interceptor airplene. Interceptor
alrplane 1s located at ariglin and 1s heading in +X-direction. Target
position corresponds to tip of arrows and elapsed time in seconds from
start of run 1s indicated beside each arrow.

Flgure 12.- Concluded.
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Figure 13.- Interceptor airplsne attacking target airplane from a
frontal encounter.
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(b) Positlon of interceptor relative to target

airplane.

and is heading in +X-direecticno.

Target alrplene ia located at origin

Interceptor

position corresponds to tip of arrows and
elapsed time in seccnds fram stert of run is

indicated beslde each arrow.

{c) Poeltion of target relative to imterceptor

airplane. Interceptor airplaene is located
at origin end is heading in +X-direction.
Target position corresponds to tip of srrows
and elapsed time in seconds from start of
run 1s indicated heside each srrow.

Figure 15.~ Concluded.
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(a) Time history of various quentities pertaining to the interceptor
airplene. Also the ground plot of the two airplsnes recorded by
radar tracking.

Figure 1lk.- Interceptor sirplane attacking target sirplane from a
frontal encounter.
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run is indicated beside each arrow,

Figure 14.- Concluded.
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(a) Time history of various quantities pertaining to the interceptor

airplane.

radar tracking.

Also the ground plot of the two alrplanes recorded by

Figure 15.- Interceptor airplane attacking target sirplane from a
frontal encounter.
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(b) Position of interceptor relative to target airplane. Target alrplane

1a located at origin and is heading in +X-direction. Interceptar
position corresponds to tip of arrows and elapsed time in seconds
from start of run 1s indicated beside each arrow.

Figure 15.- Continued.
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(c) Position of target relative to interceptor eirplane. Interceptor
airplene is located at origin end is heeding in +X-direction. Target
position corresponds to tip of arrows and elapsed time in seccnde from
start of run is indicated beside each arrow.

Figure 15.- Concluded.
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(a) Time history of tracking-error varlation recorded in the ilnterceptor
alrplane. Also the ground plot of the two alrplanes recorded by
radar traecking.

Figure 16.- Interceptor airplene attacking terget asirplene from a
frontal encounter.
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(b) Position of interceptor relative to target sirplane. Target airplane
is located at crigin and is heading in +X-direction. Intereceptor
position corresponds to tip of arrows and elapgsed time in seconds
from start of run is indicated heside each arrow.

Figure 16.-~ Continued.
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(c) Position of target relative to interceptor airplane. Interceptar
airplane is located st origin and 1s heading in +X-direction. Target
position corresponds to tip of arrows and elapsed time in seconds
from start of run is indicated beside each arrow.

Figure 16.- Concluded.
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Figure 17.- Interceptor airplane attacking target alrplane from a
frontael encounter,
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position corresponds to tlp of arrows and elapsed time in seconds
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Figure 17.- Continued.
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Figure 18.- Interceptor airplane attacking target alrplane from =
perpendicular encounter.
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Figure 18,- Concluded.
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(a) Time history of various quantities pertaining to the interceptor

airplane.
radar tracking.

Also the ground plot of the two alrplanes recorded by

Figure 19.- Interceptor airplane attacking terget airplane from a

perpendicular encounter.
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(b) Position of interceptor reletive to target airplane. Target airplane
is located at origin and 1s heading in +X-direction. Interceptor
position corresponds to tip of arrows and elapsed time in seconds
from start of run is indicated beside each arrow.

Figure 19.- Continued.
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Figure 20.-~ Interceptor airplane attacking target airplane from a
perpendlcular encounter.
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(a) Time history of vaerious quantities pertaining to the interceptor
airplane. Also the ground plot of the two airplanes recorded by

radsr tracking.

Figure 21.- Interceptor airplane attacking target airplane from a
perpendiculer encounter.
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(b) Position of interceptor relative to target airplane. Target airplene
is located at origin and is heeding 1n +X-direction. Interceptor
position corresponds to tip of arrows and elapsed time in seconds
from start of run is Indiceted beside each arrow.

Figure 21.- Continued.
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(c) Position of terget relative to interceptor sirplene. Interceptor
alrplane is located 8t origin and 1s heeding in +X-dlrection. Target
position corresponds to tip of arrows and elapsed time in seconds from
start of run is indicated beside each arrow.

Figure 21.- Concluded.
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(a) Time history of various quantities pertaining to the interceptor
airplane. Also the ground plot of the two airplanes recorded by
redar tracking.

Flgure 22.- Interceptor elrplane attacking terget airplene from a
perpendicular encounter.
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(b) Position of interceptor relative to target airplsne. Target airplane
is located at origin and is heading in +X-direction. Interceptor
position corresponds to tip of arrows and elspsed time in secconds
from start of run is indicated beslide each arrow.

Figure 22.- Contimued.
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(c) Poeition of target relative to interceptor alrplene. Interceptor
airplane is located at origin and is heading in +X-directlon. Target
position corresponds to tip of errowe and elapased time 1in seconds from
start of run 1s indicated beside each arrow.

Figure 22.~ Concluded.
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(a) Time histary of various quantities pertaining to the interceptor
airplaene, Also the ground plot of the two alrplanes recorded by
radar tracking.

Figure 23.- Interceptor airplane attacking terget airplane from a
perpendicular encounter.
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(b) Position of interceptor relative to target alrplane. Target alrplane
1s located at origin and is heading in +X-direction. Interceptor
position corresponds to tip of arrows and elapsed time in seconds
from start of run is indicated beside each arrow.

Figure 23.- Continued.
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(c) Position of target relative to interceptor airplane. Interceptar
airplane is lccated at origin and 1s heading in +X-direction. Target
position corresponds to tip of arrows and elspsed time in seconds
from start of run is indicated beside each arrow.

Figure 23.- Concluded.
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(a) Time history of various quentities pertaining to the interceptor
airplane. Also the ground plot of the two alrplanes recorded by
radsr tracking.

Figure 24 .- Interceptor airplene attacking target airplane from a
perpendicular encounter.
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Figure 2k.- Concluded.
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(a) Time history of various gquentities pertaining to the interceptor
alrplane. Also the ground plot of the two airplanes recorded by
raedar tracking.

Figure 25.~ Interceptor airplane attacking target airplane from a
perpendiculer encounter.
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(a) Position of target relative to interceptor
eirplape. Interceptor eirplene 18 loceted
at ordgin and 18 heading in +X-direction.
Target position corresponds to tip of arrows
and elapsed time in seccnds from start of
run ig indiceted beaide each arrow.

Figure 25.- Concluded.
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(a) Time history of various quentities pertaining to the interceptor
airplane. Alsc the ground plot of. the two sirplanes recorded by
radar tracking.

Figure 26.- Interceptor airplane attacking target airplane from a
perpendicular epcounter.
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poeition corresponds to tip of errows and elapsed time In seconds
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Figure 26.~ Continued.
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airplene 1s located at origin snd 1s heading in +X-direction.

Target

posltion corresponds to tip of arrows and elspsed time in seconds from
start of run i1s indlcated beslde each arrow.

Figure 26.- Concluded.



NACA RM L53EC1 SNSRI T, 9l

5 :
: s 55 wnory irgm
B % 259°
== 3 ‘-.
. 40
Rrget oart - I
L L S D A S ""'M
2 L~} 20 X R~ 60 o an ©
0,
ntwrcagtor -
' a Seale, uds L;m
‘ J I ot oderors -
wad | : P 1 Ry [ s
gt aeran ol 3= Y oy L IR L K o " o) Ul o sett aderon
datmction, deg Vs Ve o A vf" ’f"q--l ] HP diefloctinn,deg
<1  af't oxfarpn L«
|t - b bl
p 4 i 40 Rght
J o ajrtr 4 Ay W - iﬂ " [ X
ar‘ A -ru' £ n’#_m_udf‘ L‘.,.-ﬁ ‘ll\: \Lro Rudder
P hotbal | L 1“1 o force e
vl a T .. AS E“Lf‘r‘“ 0 ]/
I I Rt
e L L 5 Lo
vebcd = O vebocity, 7O weloxty,
r |11 e ot of atfock rodsec oo yec
A~ (A [ P
K1 Ll | 4
~enn R AARRN A : i
nole . retesip [REERE y
AT OED T
. [ 11ETd | f 1| I
“w 0 M L Ik 65 A d8 5 36 60 of 68 X B 80 o B %

(2) Time history of variocus quentities pertaining to the interceptor
airplsne. Also the ground plot of the two alrplanes recorded by
radaer tracking.

Figure 27.- Interceptor alrplane attacking terget alrplane from a
perpendicular encounter.
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(b) Position of interceptor relative to target airplane. Target airplane
is located at origin and is heading in +X-direction. Interceptor
positlion corresponds to tip of arrows and elapsed time In seconds

from start of run ls indlcated beslde each arrow.

Flgure 27.~ Contimued.
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(c) Position of target relative to interceptor alrplsne. Interceptor
alrplsne is located at origin and is heading in +X-direction. Target
position corresponds to tip of arrows and elapsed time in seconds from
start of run is indlcated beslde each arrow.

Figure 27.- Concluded.
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(a) Time history of various quantities pertaining to the interceptor
airplane. Also the ground plot of the two alrplanes recorded by
radar tracking.

Figure 28.- Interceptor airplane attacking target airplane from a
perpendicular encounter.
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(b) Position of interceptor relative to target airplane. Target airplane

1s loceted at origin and is heading in +X-direction. Interceptor
position corresponds to tip of arrowe and elapsed time in seconds
from start of run 18 indlcated beslde each arrow.

Figure 28.- Continued.
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(c) Position of terget relative to interceptor airplane. Interceptor
airplene is located st origin snd 1s heading in +X-direction. Target
position corresponds to tip of arrows and elapsed time in seconds
from start of run is indicated beslde esch srrow.

Figure 28.- Concluded.
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